A B S T R A C T The local conversion of thyroxine (T4), which is an important source of intracellular 3,5,3'-triiodothyronine (T3) in several rat tissues, has been subject of recent investigations. In the present study the regulation of this phenomenon in vivo was investigated in various peripheral tissues of the rat.
A B S T R A C T The local conversion of thyroxine (T4), which is an important source of intracellular 3,5,3'-triiodothyronine (T3) in several rat tissues, has been subject of recent investigations. In the present study the regulation of this phenomenon in vivo was investigated in various peripheral tissues of the rat.
Intact euthyroid and radiothyroidectomized (Tx) rats received a continuous intravenous infusion of [125I]T4 and ['31I]T3 until isotope equilibrium was attained. In addition to the labeled iodothyronines, Tx rats received a continuous intravenous infusion of 0.2 or 1.0 ,g carrier T4/100 g body wt per d, to create hypothyroid or slightly hypothyroid conditions, respectively. After the animals were bled and perfused the contribution of T3 derived from local conversion of T4 to T3 [Lc T3(T4)] to the total T3 in homogenates from several tissues and subcellular fractions from the liver, kidney, and anterior pituitary gland could be calculated. In all experiments T3 in muscle was derived exclusively from the plasma. In the cerebral cortex and cerebellum, however, most of the intracellular T3 was derived from the intracellular conversion of T4 to T3. It is demonstrated that for hypothyroid rats an increased relative contribution of Lc T3(T4) reduced the loss of total T3 in the brain. This phenomenon was also encountered for the anterior pituitary gland, although in this tissue the proportion of the total tissue T3, contributed by locally produced T3 was considerably lower than the values found for the cerebral cortex and cerebellum in all experiments.
The present findings, regarding the source and quantity of pituitary nuclear T3 strongly suggest that both plasma T3 and T4 (through its local conversion into T3) play a role in the regulation of thyrotropin secretion. The contribution of Lc T3(T4) to the total pituitary nuclear T3 was of minor importance in eu-(-40%).
The total T3 concentration in the liver decreased from euthyroid to hypothyroid rats and was associated with a decrease in the tissue/plasma T3 concentration gradient. A minor proportion of hepatic T3 was contributed by Lc T3(T4), which in fact decreased significantly from the euthyroid to the hypothyroid state. In contrast to other subcellular fractions from the liver, no Lc T3(T4) could be demonstrated in the nuclear fraction. It is suggested that the liver plays an important role with respect to regulation of the circulating T3 concentration.
In the kidney, a very small proportion of the total T3 was derived from locally produced T3 in all experiments (4-7%). As found in the liver, all nuclear T3 appeared to be derived from the plasma. In contrast to the liver, subcellular T3 pools in the kidney seemed to be exchangeable. INTRODUCTION Under normal conditions thyroxine (T4)' is the main secretory product of the thyroid gland. More than twothirds of 3,5,3'-triiodothyronine (T3) in man and in rat is produced by 5'-monodeiodination of T4 in peripheral tissues (1, 2) . The quantitative contribution of different tissues to the total production of T3 from T4 is unknown, but T4 to T3 conversion can be measured in liver, kidney, pituitary gland, and central nervous system tissues in vitro (3) . T3, probably the main metabolically active substance, becomes effective by binding to a specific nuclear receptor. Specific nuclear T3 binding sites have been identified in numerous tissues (4, 5) . It seems likely that, at the intracellular level, the biological effects of T4 can be attributed solely to the T3 derived from it.
For years it has been widely accepted that the T3 derived from T4 was rapidly and totally exchangeable, within the volume of distribution, with the T3 secreted by the thyroid into the bloodstream. Usually a positive correlation can be found between the concentration of tissue T3 (but not of tissue T4) and the endpoint chosen for measurement of hormonal activity. On the other hand, in a variety of studies that compare hormonal activity with only the circulating T3 and T4 levels, the biological effect appears to correlate with T4 rather than with T3. These apparent contradictions, previously reviewed by others (3, 6) , cannot be explained if the T3 derived from T4 and the circulating (plasma) T3 pool are totally and rapidly exchangeable. Indeed, various studies on both hypothyroid and euthyroid rats have demonstrated the reverse (7) (8) (9) (10) (11) (12) (13) . It has been found that local conversion of T4 to T3 in the anterior pituitary gland is important for the negative feedback for thyrotropin (TSH) secretion (8, 10, 14, 15) . A single injection of tracer T4 and T3 demonstrated that in the cerebral cortex and cerebellum, as in the pituitary gland, a substantial proportion of the nuclear T3 appears to be derived from intracellular T4 monodeiodination rather than T3 in the plasma (12, 13) . How Throughout the infusion period 24-h samples of feces and urine were collected. The 125j and 1311 contents were counted and expressed as the proportion of the daily infused radioactivity. When the individual urinary and fecal excretion curves reached a plateau and approximately all of the infused dose was recovered in the excreta, the animals were considered to be in isotope equilibrium as far as the major pools of T3, T4, and their metabolites were concerned (11, 17) .
To investigate whether the infused dose of KI prevented significant reutilization of tracer I-by the thyroid (experiment C) or eventual thyroid remnants (experiments A and B) a control experiment was performed. Control intact euthyroid rats received a continuous intravenous infusion of 100 Mg KI/100 g body wt per d for the same period. In addition to stable I-, 125j-(5 MCi/100 g body wt per d) was administered during the last 10 d.
During continuous infusion the behavior of the animals was normal (by observation). The mean increase in body weight for both groups of intact euthyroid rats and the Tx rats infused with 1 The 10% homogenate was centrifuged at 700 g for 10 min. The pellet was resuspended in 0.32 M sucrose, 10-M MgCl2, 10-4 M PTU, and 0.25% wt/vol Triton X-100 and spun for 10 min at 700 g. The nuclei in the sediment were separated by centrifugation through 2.3 M sucrose, 10-3 M MgCl2, and 10-4 M PTU, according to the method used by DeGroot and Strausser (22) .
To prepare a mitochondrial fraction (liver and kidney) the supernatant from the first 700 g run was centrifuged (700 g). The supernatant was carefully decanted and spun for 10 min at 8,700 g and 4°C. The fluffy layer was discarded and the mitochondrial pellet was washed four times by resuspension in 0.25 M sucrose and 10-4 M PTU, followed by centrifugation for 10 min (7,700 g, 4°C) to reduce microsomal contamination (23) . In addition, the first (8,700 g) supernatant was centrifuged at 12,000 g for 10 min at 4°C. The pellet was discarded and the supernatant centrifuged at 138,000 g (4°C) for 1 h to obtain the microsomal fraction. Nuclear, mitochondrial, and microsomal pellets were finally suspended in saline.
When the supernatant from the 138,000-g run was used as the cytoplasmic fraction the high concentration of sucrose in the sample did not allow a good separation of the iodothyronines by thin-layer chromatography. Therefore, cytoplasm was obtained from the remaining tissue homogenates in saline (see above) as follows ( Fig. 1 ): the homogenates were centrifuged for 100 min at 700 g to remove cell debris and nuclei. Subsequently the supernatant was spun at 8,700 g (10 min, 4°C). The 8,700-g supernatant was recentrifuged at 138,000 g for 1 h. The final supernatant was taken as the cytoplasmic fraction. Measured aliquots of the subcellular preparations (1-2 ml) were stored at -20°C until processing. The purity of the various hepatic and renal subcellular fractions was verified by determination of the distribution patterns of the specific activities of various marker enzymes, as described previously (9) .
Identification of radioactivity in the plasma and tissue preparations. Measured aliquots of plasma, tissue homogenates, and subcellular fractions were counted accurately to determine their 1251 and 131I contents and then extracted twice in ethanol/ammotia (99:1, vol/vol) containing 10' M PTU. Subsequently the bulked extracts were counted and processed for thin-layer chromatography (9) . The locations on the chromatogram of the labeled iodothyronines were determined by staining unlabeled iodocotnpounds (which had been added to the samples) with diazotized sulfanilic acid.
The T3 band and adjacent areas were cut into strips, 0.5 cm wide, and the 125I and 131I radioactivity was counted. The
[151I]T3 peak on the chromatograms of the extracts of the various tissue preparations coincided with the 1251 peak, and usually all radioactivity was concentrated within three strips.
However, the [.25I]Ts peak obtained by thin-layer chromatography of plasma probably also contained another 1251_ containing metabolite. This was indicated by the asymmetric patterns of distribution of 125I and '3'I radioactivity within the T3 peak. To avoid this difficulty plasma T3 was first rapidly semi-purified by column chromatography. A dried ethanol extract of 2 ml of plasma dissolved in 0.05 M phosphate buffer, pH 11.9 and 10' M PTU was applied on a small column (7 X Plasma T4 and T3 concentrations were assessed by RIA. After decay of the '31I initially present in the samples, the T4 and T3 levels were determined using 1311-labeled T4 and T3, respectively. DNA was measured by the method of Karsten and Wollenberger (24) and protein was determined according to Lowry et al. (25) with bovine serum albumin as standard.
Liver and kidney mitochondrial a-glycerophosphate dehydrogenase (a-GPD) was measured by the method of Lee and Hardy (26) . 
RESULTS
The infusion of each rat was continued until a steady state had been attained, i.e., when the radioactivity in urine and feces became constant and the total excretion of 125I and '31I equalled the daily input for at least 3 d. For intact euthyroid rats (experiment C) isotope equilibrium was reached after 5 d of infusion of ['251]T4 (Fig. 2 a) Data represent the mean±SD. In each experiment pituitary subeellular fractions were prepared from pooled glands of two or three rats; n = 2. For all hepatic and renal subeellular fractions: n = 5 in experiment A, n = 6 in experiment B, and n = 7 in experiment C.
The Lc T3(T4) contribution to total hepatic cellular T3 was greater in the euthyroid then in the hypothyroid state, whereas the reverse was found for the anterior pituitary gland. In the kidney, Lc T3(T4) contributed only a minor amount to the total intracellular T3. At the subcellular level, for the pituitary gland the relative contribution of Lc T3(T4) to the total nuclear T3 under hypothyroid and slightly hypothyroid conditions was increased about twofold when compared with the euthyroid state (euthyroid, 19.7±1.1%; mildly hypothyroid, 43.9±7.1%; hypothyroid, 39.9±6.6%). In the pituitary gland of euthyroid rats the percentage contributed by Lc T3(T4) to nuclear and cytoplasmic T3 (19.9±1.1%) was identical, whereas this was clearly not the case for slightly hypothyroid animals (Lc T3[T4] cytoplasmic fraction: 23.3±7.6%). Unfortunately the cytoplasmic fractions of hypothyroid rats were lost.
Virtually no Lc T3(T4) was contributed to the nuclear T3 level in both the liver and kidney (Table III) in all groups of animals. In the liver of hypothyroid rats Lc T3(T4) contributed predominantly to the cytoplasmic T3 pool (mitochondrial fraction, 8.9±2.9%; Fig. 3 shows the total T3 content in plasma (determined by the isotopic equilibrium technique) and various tissue homogenates. In addition, the quantity of Lc T3(T4) is given.
In both experiments A and B, the plasma T3 levels measured by RIA (Table I) Tissue/plasma T3 gradients are listed in Table V . In contrast to the other organs the tissue/plasma T3 concentration gradient for the liver increased gradually from hypothyroidism to euthyroidism. The gradient for the kidney decreased only in the hypothyroid rat.
For both cerebral cortex and cerebellum the tissue/ plasma T3 gradient decreased significantly in euthyroid animals when compared with the values found for hypothyroid or slightly hypothyroid animals. Very low tissue/plasma T3 gradients were encountered for the thigh muscle in all experiments. The amounts of T3 (expressed as picograms per milligram of protein) in the subcellular fractions from the liver, kidney, and pituitary gland are shown in Fig. 4 a, b , and c, respectively.
In the hepatic subcellular fractions the quantity of T3 per milligram of protein decreased from euthyroidism to hypothyroidism. This was also the case for the nuclear fractions from the kidney and anterior pituitary gland. On the other hand, under slightly hypothyroid and euthyroid conditions, the concentration of T3 in both the mitochondrial and the microsomal fraction of the kidney remained the same.
T3 are expressed as nanograms per gram wet
The nuclear T3 content, expressed per milligram of DNA, for the liver, kidney, and pituitary gland (Table  VI) was significantly less in the hypothyroid than in the euthyroid rat. In each experiment, the pituitary nuclear Ts level was higher than either the liver or the kidney nuclear T3 (P < 0.001), whereas hepatic nuclei contained more T3 than nuclei from the kidney (P < 0.001). Negligibly small amounts of Lc T3(T4) were found in the nuclei of both liver and kidney cells. The quantity of Lc T3 (T4) in the pituitary nuclear fraction was higher in experiment B (224±51 pg/mg DNA) than in experiment A (119±2 pg/mg DNA) or experiment C (114±20 pg/mg DNA).
DISCUSSION
The significantly to the total radioactivity in the homogenates (by observation: presumably the so-called "fluffy layer," being discarded during purification of the mitochondrial fraction) this would explain the differences observed between whole homogenate and subcellular fractions.
Obregon et al. (29) used RIA to measure the concentrations of T3 in plasma, liver, kidney, muscle, and brain of normal male rats. Our data from the isotopic equilibrium technique were in close agreement.
The present study provides additional evidence for the existence of so-called "hidden pools" of T3 (11), i.e., for most tissues under both (slightly) hypothyroid and euthyroid conditions the intracellular T3 is not totally exchangeable with circulating T3. Considering the apparent difference in distribution between ['251]T3 from Lc T3(T4) and [131I]T3 infused as such, this means that previous estimations of the total production rate of T3 may be substantially underestimated, as discussed by others (3, 6) . In contrast, muscular T3 appears to be derived exclusively from plasma. Similar observations were reported by Obregon et al. (11) for cardiac and skeletal muscle. Furthermore, in all experiments, no significant thigh muscle/plasma T3 gradient was found. The physiological implication of these findings might be that skeletal muscle depends directly on the plasma T3 concentration, as far as the intracellular concentration of T3 and hence the muscular response to thyroid hormone are concerned.
In the cerebral cortex and cerebellum, however, most of the intracellular T3 derives from intracellular conversion of T4 to T3. Our (31) and Cheron et al. (32) reported that the rate of T4 5'-monodeiodination in vitro was much higher in anterior pituitaries from hypothyroid rats than in those from euthyroid controls. Therefore it seems likely that, despite the low plasma T4 concentration in hypothyroid animals, the relatively large amount (gravimetric determination) of Lc T3(T4) present in homogenates of the pituitary gland was caused by an enhancement of T4 to T3 conversion, which might be due to an increased number of thyrotropic cells (31) .
For both hypothyroid and slightly hypothyroid rats the percentage contribued by Lc T3(T4) to the total pituitary nuclear T3 was about twice the value found for euthyroid animals. As can be seen from Fig. 4 c and deduced from Table VI the quantity of Lc T3(T4) was identical in hypothyroid and euthyroid rats. Changes in the quantity of nuclear T3 were merely due to changes in plasma-derived T3 in these animals. The gravimetric amount of pituitary nuclear Lc T3(T4) was even somewhat higher in slightly hypothyroid rats than in euthyroid animals. However, despite the fact that plasma T4 levels were the same in both groups of animals, the total nuclear T3 content in these rats remained below the euthyroid value and hence the plasma TSH concentrations were somewhat elevated. The mean value found for pituitary nuclear T3 (per milligram DNA) in the euthyroid rat agrees closely with that reported previously by others who used RIA (33) . The present findings, regarding the source and quantity of pituitary nuclear T3 strongly suggest that both plasma T3 and T4 (through its local conversion into T3) play a role in the regulation of TSH secretion. The contribution of Lc T3(T4) to the total pituitary nuclear T3 was of minor importance in euthyroid rats, when compared with both groups of T4-supplemented athyreotic rats. In contrast to the euthyroid state, under slightly hypothyroid conditions the pituitary nuclear and cytoplasmic T3 pools were not completely exchangeable. It is possible that locally produced T3 is preferentially transported to the nucleus in these rats. For both euthyroid and slightly hypothyroid rats the pituitary T3 content (per milligram of protein) was significantly higher in the nucleus than in the cytoplasm, suggesting the presence of high capacity nuclear T3 binding sites.
Previous estimations by Silva et al. (10) indicated that in the euthyroid rat plasma T3 and intracellular T4 5'-monodeiodination yield roughly equal quantities of pituitary nuclear T3. Their study has relied on bolus injections of ['25I]T4 and [(31I]T3. Application of this technique requires several approximations and simplifying assumptions regarding, for example, the fractional disappearance rate of T3 from both the nucleus and cytoplasm or plasma at the time of measurement. This may well have led to errors in the estimation of the proportion of the total nuclear T3 contributed by Lc T3(T4). The same might have occurred with respect to their estimation of Lc T3(T4) in the nuclear fraction from both the liver and kidney. However, despite the differences in techniques, the total quantities of T3 in the liver and kidney nuclei, as reported in the present study for euthyroid rats (Table VI) , do not differ substantially from the data of Silva et al.: liver nuclei, 180 pg/mg DNA; kidney nuclei, 70 pg/mg DNA (10). Furthermore, our calculation for the hepatic nuclear fraction (euthyroid animals) agrees reasonably well with that of Lim et al. (34) , 104 pg/mg DNA. These data, including our values (for liver nuclei) are different from RIA data reported by Surks and Oppenheimer (35) , 330 pg/mg DNA. This apparent difference remains to be resolved.
The conversion of T4 to T3 appears to be an important function of the liver and kidney and perhaps other peripheral tissues. The T3 produced within these tissues reenters the circulation and becomes available to all organs, accounting for about two-thirds of the plasma T3 in the normal rat. Liver or kidney disease greatly modifies the metabolism of the thyroid hormones (36) . Jennings et al. (37) showed that during perfusion of isolated liver with 10 ,ug T4, the extraction of T4 by the liver was associated with a significant increase in T3 concentration in both the perfusate and the liver. The perfusate T3 concentration increased in a linear fashion for 60-90 min before reaching a plateau; the liver T3 concentration increased most dramatically in the first 30 min of perfusion, followed by a more gradual but linear increase thereafter. On the other hand, no net increase in the production of T3 could be measured by van der Heide (38) during perfusion of isolated liver from euthyroid rats with plasma obtained from euthyroid rats after addition of 12 MLg T4. Furthermore, recent observations by van der Heide et al. (unpublished results) indicate that during prolonged perfusion of isolated rat liver with T4 in the presence of high concentrations of T3, the venous T3 concentration decreases, reaching a plateau value after -2 h. In our experiments the total T3 concentration in the liver decreased from euthyroidism to hypothyroidism, in association with a decrease in the tissue/plasma T3 concentration gradient. The contribution of Lc T3(T4) to the total T3 in the liver also decreased significantly from the euthyroid to the hypothyroid state. The aforementioned reports, together with the in vivo data of the present study, suggest that the liver has an important function in the regulation of the circulating T3 concentration. During development of hypothyroidism it is possible that the liver may serve to moderate the effect of decreased thyroidal iodothyronine production. According to this concept in both groups of athyreotic T4-replaced rats (with plasma T3 levels below the euthyroid value) there would be a net increase in the release of locally produced T3 by the liver into the plasma, resulting in a lower liver/ plasma T3 concentration gradient, and a relatively small contribution of Lc T3(T4) to the total hepatic T3 at dynamic equilibrium. However, at normal circulating T3 levels, less locally produced T3 would enter the plasma T3 pool, hence resulting in higher hepatic intracellular T3 concentrations and an increased percentage contributed by Lc T3(T4) under steady-state conditions; disposal of T3 might then become of greater importance. On the other hand, hypothyroidism has been shown to lead to a diminished T4 5'-deiodinase activity of rat liver in vitro (3) . This may provide an additional explanation for the observed decreased percent contribution of Lc T3(T4) in the liver (both ho-mogenate and microsomal fraction) of hypothyroid and slightly hypothyroid animals. Probably in vivo variations in hepatic T4 5'-deiodinase activity, together with shifts of the balance between the disposal rate of hepatic intracellular T3 and the release of T3 by the liver into the vascular compartment, play an important part in the regulation of plasma T3 levels. If the proposed regulatory function of the liver is correct, it would be likely that the underlying mechanisms respond directly to plasma T3 concentrations. Indeed, the concentration of T3 in the nucleus was a linear function of the plasma T3 concentration and, in contrast to the other subcellular fractions investigated, in all experiments virtually all nuclear T3 was derived from the plasma. A possible explanation for this lack of complete exchange of T3 between nuclear and other subcellular compartments could be that T3 from the plasma is transported directly to the nucleus via a binding protein located in the cell membrane (39, 40) . In all experiments, for the liver the highest concentrations of T3 were found in the nuclear and microsomal fractions. This reflects, probably, the presence of nuclear T3-binding proteins (4, 5) and suggests the importance of the microsomal fraction as a site of T3 and T4 metabolism in vivo (41) .
In the kidney, only a very small proportion of the total T3 was contributed by Lc T3(T4) in all experiments. Several investigations have demonstrated T4 5'-monodeiodination activity in the kidney (3). Therefore, the observed small contribution of Lc T3(T4) in the steady state could mean that the locally produced T3 is rapidly exchanged with the plasma pool. As found for the liver, all nuclear T3 appeared to be derived from the plasma. However, in contrast to the liver, the percentages contributed by Lc T3(T4) in the subcellular fractions were not statistically different. Furthermore, the distribution pattern of the concentrations of T3 in the renal subcellular fractions was also different from that observed for the liver. The physiological meaning of these tissue differences remains to be established.
